In this work, chemical shift magnetic resonance imaging is used for in vivo quantitative evaluation of fat and water content in the perirenal white adipose tissue. DESIGN AND MEASUREMENTS: Experiments were carried out on female Sprague ± Dawley rats with a 4.7 T magnet. Fat and water fractions were computed pixel-by-pixel from the chemical shift selective images with an algorithm of reconstruction that allowed parametric maps (called hydrolipidic maps) to be produced with a pixel size of 625Â625 mm. RESULTS: Our ®ndings indicate that, in the perirenal adipose tissue, the water content ranges between 15% and 20%, with slight differences between the ventral and dorsal portions, and between the left and right deposits. The mesenteric adipose tissue, observed for comparison, has a mean water content of 30%. CONCLUSION: The present work demonstrates that methods based on magnetic resonance imaging can be useful tools for non-invasive in vivo quantitative mapping of the hydrolipidic content of adipose tissues.
Introduction
The white adipose tissue (WAT) contains different amounts of water. Part of this water is enclosed in blood and lymphatic vessels, part in the extracellular space and part in the cell cytoplasm. Changes in water content of a particular tissutal area may therefore represent the counterpart of different functional states. A method for the quantitative determination of the water fraction could provide useful information about the liposynthetic and lipolythic processes as well as the vascular reactivity of a tissue. In addition, pathologic conditions which cause cytotoxic or vasogenic edema in the adipose tissue could be evaluated more precisely with respect to standard nonquantitative methods of imaging.
To date, magnetic resonace imaging (MRI) is the only morphologic technique which allows for the in vivo investigation of small adipose deposits. Several MRI sequences have been applied to obtain separate images of water and fat protons in tissues and to evaluate the ratio between these components. 1 At low magnetic ®eld, the Dixon method, 2 based upon the dephasing of fat and water signal, may be applied and included also in fast gradient-echo sequences. 3 At higher magnetic ®eld, where the Dixon method is limited by susceptibility effects, 1 the chemical shift between water and fat protons (-OH, -CH 2 -) yields frequency separation large enough to permit selective excitation of each one of these protons. Therefore chemical shift imaging (CSI) is performed and a`water image', together with a`fat image', may be obtained. An excellent ®eld homogeneity, achieved by shimming over the sensitive volume of the coil, is needed to reduce the widths of these signals. Many studies exploiting these techniques have carried out and quanti®cation of water or fat, in various organs and tissues, has been performed. 4 ± 9 However, little effort had been directed, until now, to obtaining in vivo parametric images that could show how the fractions of water or fat are spatially distributed. 10 In a previous work 11 we have described an algorithm for chemical shift-based parametric images. This algorithm, which produces hydrolipidic maps at a submillimetric space resolution, has been tested in water ± oil phantoms; the error in the water content determination was about 10%.
In the present work, the same algorithm was used to produce hydrolipidic maps of the perirenal adipose tissue in rat, with a resolution of 625 mm. The perirenal adipose tissue is a good model since it displays a rather regular shape and homogeneity and it is present in humans as well as in most laboratory animals.
Materials and methods
The study was performed using a group of female Sprague ± Dawley rats, 10 weeks old, fed ad libitum and weighting about 200 g. All MRI experiments were carried out using an SIS 200a330 imager spectrometer (SIS Co., Freemont, CA) equipped with a 4.7 T Oxford magnet and SMIS (Surrey Medical Imaging Systems Ltd, UK) gradient insert. An 88 mm i.d. Helmholtz coil was used. For in vivo experiments the rats were anesthetised by inhalation of O 2 containing 1 ± 2% halothane. The perirenal WAT deposit was initially located with a scout spin-echo image. A single transversal 2 mm thick slice was positioned in the WAT deposit rostrally to the superior pole of the kidney.
To obtain in vivo hydrolipidic maps of this deposit, we acquired two series of chemical shift selective images, one for fat protons, and one for water protons.
11 Each series consisted of a multiple echo sequence, with TR 1600 ms, TE 15, 30 and 45 ms and two single echo sequences (TE 15 ms) acquired with TR 800 and 400 ms. In both the multi-echo and single echo sequence, the chemical shift selection was performed by the 180 refocusing pulse. 1 Both the 90 and the 180 were band-selective Gaussian pulses; however, the 90 pulse was applied when the slice-selection gradient was on, while the 180 pulse was applied with all gradients off, in order to refocuse only the selected chemical shift range. The 180 pulse was a 4 ms Gaussian pulse which excites a 500 Hz bandwidth, suitable to discriminate fat and water peaks which, at 4.7 T, have a separation of about 700 Hz. All images were acquired using the following parameters: FOV 8Â8 cm, matrix size 128Â128, NEX 2, slice thickness 2 mm, pixel size 625Â625 mm. The acquisition time was about 20 min.
All the data were processed using a PC-based workstation. 12 Fat and water signal intensities depend not only upon the proton densities, but also upon relaxation times and experimental parameters. For a spin-echo sequence, the signal intensity S may be written as
where k is a scaling factor, r is the proton density, TR and TE are the repetition and echo times and T 1 and T 2 are the longitudinal and transversal relaxation times. Quantitation of the fatawater proton content required the retrieval of r from S through estimation of the relaxation times. Fatawater T 1 and T 2 were evaluated pixel-by-pixel using algorithms tailored to spin-echo images: T 2 maps were obtained by ®tting the multiple echo images, while T 1 maps were obtained by ®tting the images acquired with TR 1600, 800 and 1400 ms and TE 15 ms. After the maps of the relaxation times were obtained, the maps of water and fat proton densities, r f and r w , could be produced. Finally, also the water fraction w was calculated pixel-by-pixel as
where R is the ratio of the fatawater proton densities in their pure form: a value R 0.9 has been used. 4 The fat fraction by volume of the sample is obviously 1 7 w.
The above described method has been calibrated using water ± oil phantoms. Brie¯y, a series of phantoms were prepared by mixing known amounts of water and vegetable oil containing 2% of Tween 80 (polyoxyethylene sorbitan monooleate, Sigma Aldrich). 4 The mixtures, homogeneously mixed by ultrasonic disruption, contained 0%, 20%, 40%, 60% and 80% of oil by volume. The oil content of these phantoms was determined by MRI measurements and was underestimated by about 10%.
11
Results Figure 1 shows an axial slice acquired through the rat perirenal adipose tissues: both the water (Figure 1a ) and the fat selective images (Figure 1b) are reported. The perirenal fat deposit appears as an area coarsely quadrangular in shape, with a slightly concave medial side that extends ventrally with a thin prolongation before the spinal column. The transversal average diameter of the deposit is 6 mm, while the antero-posterior diameter is about 10 mm. 
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The mean section area is around 50 mm 2 . Figure 2a displays the maps of the water fraction (i ± iv) and fat fraction (v ± viii) of the same slice in four rats. A magni®cation of the water maps, focused on the perirenal adipose tissues, is reported (Figure 2b ). For each pixel, a color of the scale corresponds to a percentage value that our software can display by simply pointing the cursor to the pixel. For the perirenal WAT deposits (left and right) of each rat, we have distinguished two regions, dorsal and ventral, in which the mean water content has been computed. The subdivision edge is a coronal plain dividing the deposit into two portions of equal area. The water content measured in the different regions of the deposits is reported in Table 1 .
The WAT tissue, as expected, is mainly constituted by fat; its water content is substantially low, ie 15 ± 20%. In some small areas the peak content of water in the deposits is In vivo quantitative hydrolipidic map of adipose tissue E Lunati et al around 30%, while in other areas the peak content of fat is very close to 100%. The tissue is relatively homogeneous, but slight differences have been found between the dorsal and the ventral region, the latter containing a slightly higher amount of water (17 vs 14% on the left deposit, 20.2 vs 16.2% on the right). Small differences have also been found between the left and the right deposit (16.2 vs 14% in the dorsal region, 20.2 vs 17% in the ventral); this could be due to the fact that the observed transversal slice intercepts the two perirenal deposits at different levels. Some peripheral areas with higher water percentage are probably affected by partial-volume effects. Lipidic deposits in the mesenteric region, singled out in Figure 1 , have also been observed: here the mean water content is about 30%. Moreover, in order to have a comparison with another WAT deposit, we performed a measurement in a deposit of axyllary adipose tissue, obtaining a water content of about 50%, averaged on the whole deposit.
Discussion
Previous studies 13, 14 demonstrated that MRI can provide an in vivo characterization of adipose tissue. This characterization may be substantially improved by a quantitative determination of the fat and water content therein. Indeed, MRI quanti®cation of water and fat has been performed in several organs: muscle, in which the water content is between 30 and 95%, 4,5 bone marrow, in which it ranges from 15 to 70% 5 ± 7 and breast, which has about 10 ± 30% of water content. 8 The fat content is sometimes a pathological indicator, as in the liver, where a fat fraction greater than 5% reveals a status of disease. 9 Adipose tissues have also been studied, eg the subcutaneous deposit whose water fraction is about 20%. 6 The above-mentioned results are very accurate, but come after a choice of a suitable volume of interest, with loss of spatial resolution. Our hydrolipidic maps, instead, supply more information, since they show how the water (or fat) content is spatially distributed. Hydrolipidic maps also allow comparisons to be made between tissues in the same image (as we have shown, for example, with mesenteric fat). Recently, 11 we produced hydrolipidic maps for the interscapular brown adipose tissue of the rat, where a water fraction ranging between 50 and 80% was found.
Our results indicate that the perirenal deposit has a water content between 15 and 20% and it is, among the adipose tissues, one of the most rich lipids. As previously mentioned, the error in the water content determination, tested in oil ± water phantoms, 11 is about 10%, in agreement with data reported in the literature, and it is probably an overestimation of water due to the fat protons that resonate under the water peak. 4 The accuracy of this method is critically dependent on the B 0 homogeneity; in fact, only with a high B 0 homogeneity are the fat and water lines completely separated and able to be selectively excited. B 0 inhomogeneities, due to susceptibility effects, are stronger in vivo than on phantoms. For this reason a careful manual shimming was performed before each experiment to obtain a water linewidth (full width half maximum) lower than 160 Hz. Moreover, the high accuracy of the method was con®rmed by ex vivo gravimetric evaluations of the water content in microdissected specimens. 11 The slight water content differences, observed between the ventral and dorsal regions and between the left and the right deposits, need further investigation in order to establish if they are signi®cant and if they are present also in humans. In any case, the tissue appears to be homogeneous enough to provide a very interesting model, not only for testing quanti®cation methods, but also for dynamic studies on adipose tissues metabolism. The water content of a particular area of the tissue may represent an indicator of different functional states: repeated measurements with our protocol under different experimental conditions, ie before and after drugs administration, could provide a sort of functional imaging of adipose tissues. This kind of functional imaging is a highresolution one since the monitored area can be reduced even to a single submillimetric pixel of the map.
Our algorithm for parametric imaging can also been applied in clinical diagnosis by substituting the chemical shift imaging sequence with sequences suitable for magnetic ®elds lower than 4.7 T. Recently, the portion of water fraction due to intracellular source (`percentage cellularity') has been mapped in human bone marrow with a technique based on the three point Dixon method. 10 Our hydrolipidic maps appear to be potentially useful not only for the study of adipose tissues, but also for diagnostics in organs (muscle, liver, heart, bone marrow, breast, etc), where the fat content is a function of pathological parameters.
